The present study represents a new insight into the Biguanides and the Prevention of the Risk of Obesity (BIGPRO) 1 study population at inclusion. This population, selected basically on the basis of a high waist-to-hip ratio (Ն0.95 for men and Ն0.80 for women), is supposed to represent a group of patients with insulin resistance. The present study was undergone to establish whether apolipoprotein C-III (apoC-III) and apolipoprotein E (apoE) associated with apo B (apoC-III LpB and apoE LpB, respectively), considered to be markers of remnant accumulation, play a role in the hypertriglyceridemia associated with insulin resistance and whether they are related to other biological abnormalities frequently observed in this syndrome. In this population, the concentration of the markers of remnant accumulation increases with triglyceride levels. Therefore, correlation studies were realized to assess the relative effect of insulin and the markers of remnant accumulation on triglyceride plasma level. As a first attempt, a simple correlation analysis revealed that insulin is positively related to the markers of remnant accumulation only in hypertriglyceridemic patients (triglycerides Ն1.7 mmol/L). To assess the independent contribution of these markers, insulin, and other parameters related to the plasma triglyceride concentration, a stepwise multiple regression analysis was run. Results revealed that insulin and the markers of remnant accumulation (specifically, apoE LpB) are independent contributors to the plasma triglyceride concentration. Markers of the endothelial damage, plasminogen activator inhibitor-1, tissue plasminogen activator, and von Willebrand factor, which are often increased in the case of insulin resistance, were tested for their correlation with the markers of remnant accumulation. Plasminogen activator inhibitor-1 is positively correlated with these markers only in hypertriglyceridemic male subjects. It is concluded that increased insulin levels found in insulin resistance syndrome are associated with an increased production of triglyceride-rich lipoproteins enriched in apoC-III and apoE. The accumulation of these remnants and/or their abnormal composition in apoC-III and apoE could be an explanation for the development of hypertriglyceridemia in this syndrome. (Arterioscler Thromb Vasc Biol. 2001;21: 407-414.)
I nsulin resistance syndrome includes a constellation of clinical and biological anomalies, clustering in subjects with upper body fat distribution who often exhibit insulin resistance at the cell level. [1] [2] [3] [4] Among these anomalies are hyperinsulinemia, glucose intolerance, elevated blood pressure, impaired fibrinolytic activity, and a dyslipidemic profile characterized by a high plasma triglyceride concentration and a low HDL cholesterol level. 5, 6 Triglyceride-rich lipoproteins (TGRLs) represent a mixture of particles in which apoC-III and apoE are present in multiple copies. 7 During the lipolytic process, most apoCs and apoEs are transferred to HDL. 8 -11 In addition, apoC-III inhibits lipolysis, [12] [13] [14] and apoE plays a role in the clearance of lipoproteins by their receptor pathway. [15] [16] [17] [18] [19] [20] Therefore, several mechanisms (ie, influx of TGRL and HDL into the circulation, the lipolytic process, and lipoprotein receptor activities) appear to be important in the determination of apoC-III and apoE plasma levels and their distribution among plasma lipoproteins. The benefit of measuring apoC-III and apoE in plasma lipoproteins has been evaluated in several clinical studies using different methodological approaches. 20 -26 First, Alaupovic 20 demonstrated a strong relation between the apoC-III ratio (apoC-III in non-apoB lipoproteins/apoC-III in apoB lipoproteins) and lipoprotein lipase activity. Second, in 2 coronary angiographic trials, the Cholesterol Lowering Atherosclerosis Study (CLAS) 24 and the Monitored Atherosclerosis Regression Study (MARS), 25 an increase in the apoC-III level in apoBcontaining lipoproteins (LpBs) appeared to be associated with the progression of coronary lesions, whereas an increase in the apoC-III level in non-apoB-containing lipoproteins (Lp non-Bs) was associated with a less extensive progression. Third, 2 clinical studies 23, 26 of patients suffering from cardiovascular diseases have indicated that apoC-III and/or apoE in the different lipoprotein fractions is related to the risk of disease. In nondiabetic patients, apoC-III in LpBs was positively correlated with the coronary score determined by angiography, whereas the apoC-III ratio was negatively correlated with the same score. 26 In the Etude Cas-Temoins sur l'Infarctus du Myocarde (ECTIM) study, 23 the apoC-III ratio differed strongly and was independent of cholesterol, triglycerides, HDL cholesterol, apoA-I, and apoB for the 2 populations at contrasting risk for myocardial infarction, with the population at higher risk presenting the lower apoC-III ratio. In the same study, subjects suffering from myocardial infarction had higher apoC-III and apoE in LpBs than did control subjects.
The present study was undergone to establish whether these markers of remnant accumulation play a role in the hypertriglyceridemia associated with insulin resistance and whether they are related to other biological abnormalities frequently observed in this syndrome.
Methods

Study Population
Four hundred fifty-seven nondiabetic patients free of cardiovascular disease who were recruited from hospital outpatient clinics were included in the Biguanides and the Prevention of the Risk of Obesity (BIGPRO) 1 trial. 27 Briefly, to be included in the present study, patients had to fulfill the following criteria: age 35 to 60 years for men and 40 to 65 years for women and a waist-to-hip ratio (WHR) Ն0.95 for men and Ն0.80 for women. However, patients presenting 1 of the following characteristics were excluded even if they met the inclusion criteria: diabetes (whether diagnosed before inclusion or by the oral glucose tolerance test at inclusion according to 1985 World Health Organization criteria, ie, fasting glucose Ն7.8 mmol/L or 2-hour glucose Ն11.1 mmol/L 28 ), atheromatous cardiovascular disease (whether recognized before inclusion or detected by the ECG required for inclusion), impaired renal function (whether recognized before inclusion or by a plasma creatinine level [required for inclusion] Ն15 mg/L [130 mol/L]), or serious illness (including mental illness, extensive chronic medical treatment, or chronic treatment by a drug containing metformin or by a lipid-lowering drug). In the studied population, 151 (33%) were men and 306 were women. The main criterion for patient selection was a high WHR. This was supposed to recruit a study population with insulin resistance. 1, 2 The detailed methodology and the primary results have already been published. 27 The present study represents a new insight into the BIGPRO 1 population at inclusion.
Biochemical Assays
Aliquots of blood samples drawn during the trial were immediately centrifuged, frozen, and sent to the central laboratories in Lille (INSERM U325) for glucose and lipid and apolipoprotein measurements and in Marseille (Endocrinology and Hematology Departments of La Timone Hospital) for insulin, blood coagulation, and fibrinolysis measurements. Blood was drawn with fluoride Vacutainer tubes for glucose and with EDTA Vacutainer tubes for lipids, apolipoproteins, and insulin. Plasma and serum were obtained after a 10-minute centrifugation at 3000g. Glucose, cholesterol, and triglycerides were measured by enzymatic methods (Boehringer-Mannheim) adapted to an automatic analyzer (Hitachi 717). HDL cholesterol was obtained by measurement of cholesterol with use of the same method that was used for total cholesterol after precipitation of non-HDL lipoproteins with sodium phosphotungstate/magnesium chloride (Boehringer-Mannheim). LDL cholesterol was estimated by use of the Friedewald formula 29 for samples with triglyceride levels Ͻ4.56 mmol/L. ApoA-I and apoB were quantified by commercial reagent immunonephelometry (Behringwerke). Total plasma apoC-III and apoE levels and apoC-III and apoE in plasma devoid of apoB-containing lipoproteins (apoC-III Lp non-B and apoE Lp non-B) were measured by an electroimmunoassay using Hydragel LpC-III and LpE kits, respectively, supplied by Sebia. ApoC-III and apoE levels in apoB-containing lipoproteins (apoC-III LpB and apoE LpB) were obtained by calculating the difference between the results obtained in total plasma and in the Lp non-B lipoproteins. This methodology has been used previously, and its analytical performance and accuracy have been determined. 23 Briefly, the complete immunoprecipitation of apoB-containing lipoproteins was checked for plasma samples of normolipidemic, hypercholesterolemic, hypertriglyceridemic, and mixed hyperlipidemic subjects (3 of each type) by measuring apoB in the supernatants after immunoprecipitation by use of an ELISA with a detection limit of 2.5 ng. The absence of coprecipitation of HDL was assessed by the absence of difference between plasma apoA-I and apoA-I in the supernatants. The within-day and between-day variances were also determined. For each parameter, the coefficients of variation were Ͻ10%. The accuracy of the assays was evaluated by mixing various quantities of VLDL and HDL to the infranatant (density 1.006 g/mL) of 3 corresponding hypertriglyceridemic plasma samples. Each fraction was quantified for apoC-III and apoE before and after mixing. The mean percentages of added apolipoproteins accounted for were 103.0% and 100.2% for apoC-III and apoE, respectively. Plasma insulin was determined by radioimmunoassay with use of a commercially available kit (CIS-Bio Industrie). In this assay, the cross-reactivity of proinsulin is 1:4 on a molar basis. For determination of hemostatic parameters, blood was collected on trisodium citrate (0.011 mol/L final concentration) in the presence of platelet inhibitors (Diatube, Diagnostica Stago) and immediately cooled on ice. Plasminogen activator inhibitor type 1 (PAI-1) activity was determined by using a commercially available kit (Biopool) according to the method of Ericksson et al. 30 PAI-1 antigen, tissue plasminogen activator (tPA) antigen, and von Willebrand factor (vWF) were evaluated by ELISA with kits from Diagnostica Stago, according to the method of Declerck et al 31 for PAI-1 antigen and Holvoet et al 32 for tPA antigen.
Statistical Analysis
All statistical analyses were performed with the use of SAS software (SAS Institute Inc). For the following variables (age, triglycerides, hemostatic variables, and insulin), which were not normally distributed, the concentrations in the different groups are shown as geometric means and 95% CIs. The apoC-III and apoE ratios had a nonparametric distribution; therefore, results are presented as median and 5th to 95th percentiles. The sex and triglyceride effects on the different clinical and biological parameters were evaluated by a 2-way ANOVA, except for apoC-III and apoE ratios, for which a nonparametric rank test by sex was run. Because a significant interaction was observed for HDL cholesterol, a 1-way ANOVA by sex was also run for this parameter. Simple correlations were expressed as the Spearman rank coefficients. The relationship between the logarithm of triglyceride concentrations and the other variables was evaluated in a stepwise multiple regression analysis.
Results
Characteristics of the Studied Population
For the aim of the present study, the subjects of the BIGPRO 1 study who had all parameters of interest measured (nϭ431) at inclusion were divided into 2 subgroups according to their triglyceride concentrations: Ͻ1.7 mmol/L (normal triglycer-ide concentration), 265 patients; Ն1.7 mmol/L (high triglyceride concentration), 166 patients. The main clinical and biological characteristics of the population are presented in Tables 1 and 2 . These results indicate that hypertriglyceridemic patients are also characterized by higher levels of cholesterol and LDL cholesterol, whereas their HDL cholesterol levels are lower than those in normotriglyceridemic patients. These changes in their lipid profiles are related to an increase in apoC-III LpB and apoE LpB and also to a more modest increase in the concentration of apoC-III Lp non-B and apoE Lp non-B. Therefore, a tendency toward a decrease in apoC-III and apoE ratios (apoC-III Lp non-B/apoC-III LpB and apoE Lp non-B/apoE Lp B, respectively) is observed, but the statistical significance is obtained only for the apoC-III ratio in women. The hypertriglyceridemic subgroup is also characterized by an increase in plasma glucose and insulin as well as in PAI-1 activity or PAI-1 antigen, tPA antigen, and vWF, specifically in women for the latter. In addition, ANOVA revealed a clear triglyceride effect for all these parameters, whereas a significant sex effect was demonstrated for WHR, glucose, insulin, apoC-III Lp non-B, and tPA antigen.
Relationship Between Markers of Remnant Accumulation and Insulin
To establish whether the hyperinsulinemia found in patients suffering from insulin resistance was related to the accumulation of plasma triglycerides and remnants of TGRLs, Values are meanϮSD, geometric mean (95% CI), or median (5th to 95th percentiles) for triglycerides. NTG indicates normal triglyceride concentration (Ͻ1.7 mmol/L); HTG, high triglyceride concentration (Ն1.7 mmol/L).
Comparisons are by 2-way ANOVA except for HDL cholesterol (1-way ANOVA by sex because of significant interactions).
Spearman correlation coefficients were calculated between serum insulin levels and the various markers of remnant accumulation. The results of these simple statistics are presented in Table 3 . Insulin serum concentration is highly correlated with triglycerides in both subgroups of female patients, whereas the correlation tends toward significance in male hypertriglyceridemic patients only. In contrast, insulin is positively correlated with apoC-III LpB and apoE LpB in only the hypertriglyceridemic patients of both sexes. No relation was found between insulin concentration and apoC-III Lp non-B or apoE Lp non-B. Therefore, a negative correlation is observed between insulin and the ratio of apoC-III Lp non-B to apoC-III LpB in the groups of patients of both sexes with high triglyceride concentrations.
Determinants of Plasma Triglyceride Concentration
To assess the independent contribution of the markers of remnant accumulation, insulin, and other parameters related to the plasma triglyceride concentration, a stepwise multiple regression analysis was carried out for each sex by use of age, body mass index, WHR, insulin, apoB, apoE LpB, apoE Lp non-B, apoC-III LpB, and apoC-III Lp non-B. Detail of the results obtained with this regression model are given in Table  4 . All parameters introduced in the model are positively Values are meanϮSD, geometric mean (95% CI) or median (5th to 95th percentiles) for the 2 ratios. Comparisons are by 2-way ANOVA except for the 2 ratios (nonparametric rank test by sex). associated with the plasma triglyceride concentration. Besides insulin, apoB and apoE LpB appear to be the main contributors of this concentration.
Relationship Between Markers of Remnant Accumulation and Markers of Fibrinolysis and Endothelial Damage
Spearman correlation coefficients between triglycerides, apoC-III LpB or apoE LpB, and the main markers of fibrinolysis and endothelial damage, namely, PAI-1 activity and antigen, tPA antigen, and vWF, are presented in Table 5 . Markers of fibrinolysis and PAI-1 activity and antigen are positively correlated with apoC-III LpB and apoE LpB only in the subgroup of hypertriglyceridemic male patients. Contrasting with these results, a positive correlation is observed between these markers and triglycerides in women, whatever the level of serum triglycerides, whereas male normotriglyceridemic patients do not exhibit any relation between these parameters. A positive correlation is also observed between tPA antigen and triglycerides in the normotriglyceridemic female group. vWF is negatively correlated with triglycerides in both sexes when the serum level of triglycerides is Ͼ1.7 mmol/L.
Discussion
A dyslipidemic profile, characterized by a high plasma triglyceride concentration and a low HDL cholesterol level, is frequently observed in the insulin resistance syndrome. 5, 6 However, TGRLs represent a mixture of particles in which apoC-III and apoE are present in multiple copies. The content of apoC-III LpB and apoE LpB and the distribution of these apolipoproteins between apoB-containing and non-apoBcontaining lipoproteins have been suggested to represent good markers of the TGRL remnant accumulation. 20 In addition, several studies have suggested that these markers may be related to the increase in cardiovascular risk, which is usually associated with abnormalities in the metabolism of lipoproteins. [23] [24] [25] The present study was undergone to establish whether these markers of remnant accumulation play a role in the hypertriglyceridemia associated with insulin resistance and whether they are related to other biological abnormalities frequently observed in this syndrome. The present study represents a new insight into the population of the BIGPRO 1 trial at inclusion, the main results of which have already been published. 28 Among the 431 middle-aged subjects with upper body obesity included in this trial who had all lipid and hemostatic parameters measured, 38.5% had triglyceride serum concentrations Ͼ1.7 mmol/L and were considered to be hypertriglyceridemic. This cutoff point may be discussed inasmuch as there is no real consensus concerning triglycerides at the present time. It was chosen for 2 reasons. First, the recommendations for the management of lipid disorders of diabetic patients indicate that a triglyceride level of Ն1.7 mmol/L should be considered for therapeutics. 33 Second, the International Task Force for the prevention of coronary heart disease recommends that particular note be taken of a triglyceride level of 1.7 to 4.5 mmol/L for the assessment of the global risk of cardiovascular disease. 34 As shown in Tables 1 and 2, hypertriglyceridemic patients have higher plasma levels of glucose and insulin. These results confirm that hypertriglyceridemic patients present a more pronounced insulin resistance syndrome than do normotriglyceridemic patients. The other lipid abnormalities observed in the insulin resistance syndrome are also more pronounced, with lower HDL cholesterol and higher LDL cholesterol levels in hypertriglyceridemic patients. In these patients, hypertriglyceridemia is apparently accompanied by an increase in lipoprotein particles containing apoB and apoC-III or apoB and apoE (apoC-III LpB and apoE LpB), with a significant effect of triglycerides on these levels for both sexes. As the lipolysis of these lipoprotein particles proceeds, through the action of lipoprotein lipase, most of the apoC-III and some of the apoE molecules are transferred to HDL. 8 -10 This process explains the parallel increase in apoC-III Lp non-B and apoE Lp non-B observed in the hypertriglyceridemic patients. However, it is most probable that the lipolytic process is not efficient enough to clear the excess of apoC-III or apoE bound to apoB, inasmuch as the apoC-III Lp non-B/apoC-III LpB or apoE Lp non-B/apoE LpB ratios tend to be decreased in hypertriglyceridemic patients, although the triglycerides have a statistically significant effect only in women for the apoC-III ratio. In addition to these lipoprotein abnormalities, impaired fibrinolysis appears to be more pronounced in hypertriglyceridemic patients, as assessed by the increase in PAI-1 activity and antigen in the HTG groups. An increase in tPA antigen is observed in hypertriglyceridemic subjects of both sexes, whereas vWF appears to increase in hypertriglyceridemic women. tPA antigen and vWF are mainly secreted by the endothelial cells and are considered to be markers of endothelial damage. 35, 36 However, the tPA antigen level is also considered to reflect the plasma fibrinolytic activity because this immunologic measurement quantifies mainly the circulating PAI-1/tPA complexes. 37 Therefore, the increase in tPA antigen in the hypertriglyceridemic subgroup would reflect the increase in circulating PAI-1 rather than endothelial damage per se. Surprisingly, although the insulin level is positively correlated with triglycerides in both subgroups of patients, at least in women, significant correlations are observed with the different markers of remnant accumulation only in the case of hypertriglyceridemia. These correlations are positive with apoC-III LpB and apoE LpB, whereas they are negative with the apoC-III ratio. This observation suggests that hyperinsulinemia could lead to different lipoprotein abnormalities: an increase in serum TGRLs with a normal composition in apoC-III and apoE or the combination of quantitative and qualitative abnormalities with an accumulation of TGRLs substantially richer in apoC-III and apoE. In the first case, the patient would remain "relatively normotriglyceridemic"; in the second case, the patient would become hypertriglyceridemic. In the latter case, it is suggested that hyperinsulinemia may lead to a decrease in the lipolytic process through lipoprotein lipase, because the ratio of apoC-III Lp non-B to apoC-III LpB is negatively correlated with the insulin level. In other words, it may be hypothesized that insulin would stimulate the hepatic production of TGRLs rich in apoC-III and apoE and that the development of hypertriglyceridemia depends on the capability of the lipolytic process to adapt to this overloading. Hypertriglyceridemia appears to be a crude marker of visceral obesity and of insulin resistance in nondiabetic subjects. 38 Therefore, it is not surprising to find that hyperinsulinemia is associated with an increased production of TGRLs enriched with apoC-III and apoE, with the visceral adipose cells providing the substrates for this production. Actually, it has recently been shown that visceral adipose tissue is associated with the postprandial triglyceride responses in both sexes. 39, 40 However, we cannot completely exclude a direct effect of insulin itself on the apoC-III and apoE production.
To estimate the relative contribution of insulin and other factors (including these markers of remnant accumulation) to the triglyceride serum level, a stepwise multiple regression was run in the entire male and female populations, with triglycerides as the explained variable. As shown in Table 4 , all variables included in the model are associated with the plasma triglyceride concentration. However, apoE LpB, apoE Lp non-B, and apoC-III Lp non-B (in women only for the latter) are significant contributors to triglyceridemia, independently of insulin and apoB. This suggests that not only the number of apoB-containing particles but also the relative enrichment of TGRL in apoE (ie, the number of apoE molecules per particle) determine the serum level of triglycerides. It has been shown previously that hypertriglyceridemia, accompanied by low HDL cholesterol levels, is associated with features of the insulin resistance syndrome. 41 Also, HDL cholesterol has been reported to be more closely associated with various features of the insulin resistance syndrome, particularly the triglyceride level. 42 In the present study, we suggest that in addition to HDL cholesterol, the apoE (and possibly the apoC-III) content of HDL particles is a good determinant of the triglyceride level in patients suffering from this syndrome.
Because fibrinolysis is impaired in insulin resistance, we studied the relationship between the markers of fibrinolysis and endothelial damage and the main markers of remnant accumulation: apoC-III LpB and apoE LpB. Although the correlations classically found [43] [44] [45] between the markers of fibrinolysis or endothelial damage and triglycerides are observed in both subgroups of female patients, positive correlations are observed between PAI-1 activity or PAI-1 antigen and triglycerides as well as the 2 markers of remnant accumulation only in the hypertriglyceridemic subgroup of male patients. In vitro, it has been shown that VLDLs stimulate the production of PAI-1 by hepatic cells and endothelial cells. 46, 47 However, no study has been performed so far to establish the influence of the relative content in apoC-III and apoE of these lipoproteins on the production of PAI-1 by cells. It may be hypothesized that in the hypertriglyceridemic subgroup, an additional effect on the production of PAI-1 is observed because of the increased number of apoC-III and apoE molecules in TGRLs. However, the observed sex difference in the effect of the apoC-III and apoE composition of TGRLs on these markers of fibrinolysis should be studied further. The absence of a relationship between vWF and the different markers of remnant accumulation and the negative effect of triglycerides on vWF remain difficult to explain. Because vWF and tPA antigen are considered to be markers of endothelial damage, 35, 36 it may be suspected that the apoC-III and apoE content of TGRLs does not have a direct effect on the endothelium. Therefore, the weak positive but not significant relationship between these parameters and tPA antigen would be the consequence of their effect on PAI-1 37 rather than a direct effect on the endothelium.
In conclusion, the present study has demonstrated that increased insulin levels found in insulin resistance syndrome are associated with an increased production of TGRLs enriched in apoC-III and apoE. The accumulation of these remnants and/or their abnormal composition in apoC-III and apoE could be an explanation for the development of hypertriglyceridemia in this syndrome. Because these markers of remnant accumulation have been found to be cardiovascular risk markers, [23] [24] [25] [26] this phenomenon could be part of the explanation for the increased risk in patients suffering from insulin resistance. The benefit of measuring these markers for a more precise evaluation of the cardiovascular risk for subjects with insulin resistance syndrome should be further studied.
